Abstract. An Induction motor reliability survey at an egg processing plant shows that almost 50% of the total motor failures are fan induction motors. Visual investigations of the faulty fan motors show that the main cause of the induction motor failure is air gap eccentricity. In this study, experimental tests are performed on a 1.1kW three-phase induction motor to detect air gap eccentricity and overheating of the induction motor. Heating tests show that end shield housing temperature reaches 100°C with blocked air flow from the fan, which can reduce the lifespan of the bearing. Dimension measurements of the end shield housing show that the dimensions of both tested motors back-end shields are larger than ISO tolerance grade limit. It leads to a loose fit between the housing and bearing, causing air gap eccentricity. Also, both motor back end shield housing has an out-of-round condition leading to an unbalanced magnetic pull. To detect the air gap eccentricity caused by too loose of a fit between housing bore and bearing, current Park's vector approach is used. To measure three phase current, Hall Effect current transducers, a digital oscilloscope is used and Matlab software to process the measurement data. Results show that Park's vector approach can be used to detect the air gap eccentricity caused by too loose a fit between bearing and housing. Therefore, the Park's vector approach can be used to diagnose air gap eccentricity and analyse the type of the air gap eccentricity.
Introduction
Induction motors (IM) are widely used in industry to drive pumps, lifts, cranes, hoists, lifts, compressors, fans, driving lathe machines, crushers, mills, conveyors, etc. During operations, several stresses on the motor can cause its failure. A reliability survey of IM at the egg processing plant 'Balticovo'(Iecava, Latvia) shows that annual failure rate is 2-3% of total IM number (Gedzurs, 2016) . However, almost 50% (123 failures during last 5 years) of total IM failures are fan IM. Fan driving motors are 1.1 kW three phase induction motors located in hen houses. Visual diagnosis of the faulty fan induction motors showed a sigh of stator/rotor rub. Rub between stator and rotor is caused by air gap eccentricity resulting in serious damage to the stator and rotor (Cardoso & Saraiva, 1993) .
There are many causes to air gap eccentricityimproper mounting of IM and tensioning of drive belts, out-of-roundness of rotor or stator, bearing faults, bent shaft, etc. Air gap eccentricity also leads to increased vibrations, coil movement, which leads to accelerated insulation degradation. It is important to indicate the air gap eccentricity before it causes damage to induction motor parts. There are several methods available to detect air gap eccentricity, but current and vibration are commonly used. Vibration sensors are expensive and vibration measurement acquisition requires a significant investment (Huang, 2005) .
There are three current monitoring methods: current Park's vector (a space phasor), zero-sequence and negative-sequence, current spectral analysis. In the study (Cardoso, & Saraiva, 1993 vector approach, it is easy to diagnose the fault of the induction motor (Mehala, 2010) .
The objective of the study is to investigate and diagnose the air gap eccentricity presence and operation condition impact on the fan driving induction motor parts.
Materials and Methods
For this study, two three-phase induction motors are used: ABB M2AA90S-4; 220-240/380-420 V; 4.6/2.66A; IP55; insulation class -F, m = 13 kg; P = 1.1kW; n = 1410min -1 ; s = 0.06; efficiency class -IE1 (75%) high efficiency motor; cosφ = 0.81, drive side bearing -6205 (outside diameter D = 52mm), back side -6204 (D = 47 mm). These motors are used at the egg processing plant 'Balticovo' in Iecava, Latvia and are driving fans in the hen houses. Operation conditions in the hen houses are as follow: dust from grain feeding system, aggressive gasses and belt driving system. These conditions lead to increased heating of the motor due to a dust layer on the motor surface, increased bearing wear due to higher temperature and belt drive system, contamination (mix grease and dust) on the stator winding and bearing as shown in Figure 1 (Gedzurs, 2016) . One of the motors (Motor A) is rewinded after a failure, the second motor (Motor B) is still operational, but has a sign of a stator/rotor rub after a long operation time.
Grease presence outside the bearing and charred contaminations are a sign of overheating of the bearings. As it is shown in Figure 1b , the overheating reason is the layer of dust that blocks the air flow from the fan, thus decreasing heat dissipation from the motor. To evaluate the impact of blocked ventilation on overheating of the induction motor, an experiment is performed. For this experiment, Motor A is used. The motor is operated at rated load and the fan was taken off to imitate the blocked ventilation condition (natural ventilation). To measure the temperature of the IM parts, K-type thermocouples BK-50 (air probe -SE000) are installed in the stator windings and back end shield housing ( Figure 2 ). For data acquisition a Pico-Log TC-08 logger with built in cold junction compensation is used (the accuracy of temperature reading -±0.2% of measurement reading plus ±0.5 °C).
During visual investigation of Motor A and Motor B, the end shields came off the bearings easily, 
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especially the back end shield (fan side). This means that there is too loose of a fit between the end shield housing and bearing. A loose fit allows the bearing ring to slip or creep in the housing. Also, the bearing looseness leads to an air gap eccentricity. Therefore, the dimensions of both end shield housings for Motor A and Motor B are measured at four points as shown in Figure 3 (Industrial Bearing Maintenance Manual, 2009).
Results of bearing wear, over-tensioning of the drive belt and a loose fit between housing and bearing are leading to an air gap eccentricity. There are two types of air gap eccentricity -static and dynamic eccentricity. Static eccentricity occurs when the centreline of the rotor is at constant offset from the centreline of the stator, for dynamic eccentricity the offset is variable. In this study the effect of the housing dimensions on the air gap eccentricity is investigated. For this investigation, Motor A is also used. First, the motor is tested with end shields from motor A and then the end shields are replaced with shields from Motor B. Brand new bearings are used for these experiments. The motor is operated with no load conditions to nullify the eccentricity caused by bearing wear and drive coupling. To detect air gap eccentricity, the Park's vector approach is used. Connection of three phase induction motors usually does not require the neutral. Therefore, the current has no zero-sequence component. A two-dimensional representation of the phase stator current can be used for three phase IM operation conditions. Knowing the instantaneous three phase current values the Park's Under ideal conditions, the Park's vector components are:
where I m -maximum value of stator phase current, A; ω -angular frequency, rad To measure three phase current, three LEM LA 100-TP Hall effect current transducers (accuracy ±0
Results and Discussion
Experimental test results of the IM heating, under rated load and blocked ventilation condition are shown in Figure 4 . Heating test results (Gedzurs & Sniders, 2015) of the same motor under forced ventilation condition is also presented in Figure  4 . The temperature rise under blocked air flow conditions is ∆θ 1 = 109 °C, more than two times higher than temperature rise ∆θ 2 air flow condition. The tested motor's stator windings have a F insulation class and can withstand 140 °C temperature. According to bearing manufacturer SKF recommendations, the housing temperature should not be more than 82 °C. The bearing outer ring can be up to 11 °C higher than the housing. As a rule of thumb, grease life is halved for every 10°C. Tests show (Figure 4) , that the housing temperature reaches 101 °C. Therefore, temperature of the bearing cab higher than 101 °C, which leads to decreased lifespan of the bearing, as the bearing is not designed for operation under high temperature.
For rolling bearing applications, a limited number of ISO tolerance grades are used. The selection of the tolerance grade mainly depends on the operation conditions of the application. Generally H7 gate is used for electric motors. According to SKF handbook for bearings and seals (Rolling bearing and seals in electric motors and generators, 2013), a tighter fit should be used for motors with an aluminium housing, e.g. J7 instead of H7. The tested motor's housing is made from aluminium; therefore, the J7 tolerance limits are used to evaluate Motor A and Motor B housing fits. Housing dimensions are measured as described in bearing maintance manual (Industrial Bearing Maintenance Manual, 2009). The measurement results are shown in Figure 5 . The average measurement of all four points (0°, 45°, 90°, 135°) should be calculated and verified, if it is between the J7 grade limits -0.012 mm and 0.018 mm for front end shield housing, -0.011 mm and 0.014 mm for back end shield. Housing dimensions are measured using a bore gauge with a resolution of 0.01 mm. The mean value of measurements of all four points is presented in Table 1 .
The housing dimensions of Motor A front end shield are within the tolerance limits, but the average diameter of back end shield housing is higher than the maximum tolerance limit (Table 1) . For Motor B, dimensions of both end shield housings are higher than the limit. Diameter of the back end shield housing diameter for Motor B is 0.26 mm longer than the bearing outside diameter. Such a large difference will create significant air gap eccentricity and can lead to rub between stator and rotor.
To check the roundness of the housing, each individual measurement at angle 0°, 45°, 90° and 135° needs to be compared. If any measurement is larger or smaller than one half the J7 tolerance limit an out-of- The results show that both Motor A and B back end shield housings have an out-of-round condition. This condition will cause unbalanced magnetic pull. The current Park's vector representation for Motor A is shown in Figure 6 with original end shields and end shields from Motor B. Since Motor's B back end shield housing is 0.26 mm longer than bearing outside diameter and Motor's A shields housing is 0.05 mm, there should be a significant difference in air gap eccentricity and it's impact on stator current.
As seen in Figure 6 , the difference between Park's vector patterns can be seen. The greater is the air gap eccentricity, the greater is the area between the patterns. A zoom of the Park's vector modulus i q-d is presented in Figure 7 . With air gap eccentricity 0.053 mm the maximum difference of 0.02A between, while 0.261mm -0.057 A. One can conclude that a strong correlation may exist between the level of loose fit and the area between the Park's vector patterns. The experimental results show that Park's vector can be used to detect air gap eccentricity caused by too loose of a fit between the bearing and end shield housing.
The experimental study shows if the motor is covered by a layer of dust, overheating of bearings and other parts occur. These conditions can significantly reduce bearing's lifespan and amplify the air gap eccentricity, if it is present. The out-of-round condition of the end shield housing is caused by asymmetrical force on the shaft due to the nature of the belt drive. To increase operation time of the induction motors under these conditions, bearings with higher temperature limits should be used, correct tension of the drive belt ensured and periodic maintenance performed.
The out-of-round condition of the housing causes a dynamic air gap eccentricity. In a study (Cardoso & Saraiva,1993) Park's vector pattern is presented for static air gap eccentricity. The patterns do not cross each other under static eccentricity, like they do under dynamic eccentricity (Figure 7) . Therefore, Park's vector approach can be used not only to detect the air gap eccentricity, but also to analyse the type of air gap eccentricity. 
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